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Elevated ambient temperature has wide effects on plant growth and 24 
development. ELF3, a recently proposed thermosensor, negatively regulates 25 
protein activity of the growth-promoting factor PIF4, and such an inhibitory 26 
effect is subjected to attenuation at warm temperature. However, how ELF3 27 
stability is regulated at warm temperature remains enigmatic. Here, we report 28 
the identification of XBAT31 as the E3 ligase that mediates ELF3 degradation 29 
in response to warm temperature in Arabidopsis. XBAT31 interacts with ELF3, 30 
ubiquitinates ELF3, and promotes ELF3 degradation via the 26S proteasome. 31 
Mutation of XBAT31 results in enhanced accumulation of ELF3 and reduced 32 
hypocotyl elongation at warm temperature. In contrast, overexpression of 33 
XBAT31 accelerates ELF3 degradation and promotes hypocotyl growth. 34 
Further, XBAT31 interacts with the B-box protein BBX18, and the XBAT31-35 
mediated ELF3 degradation is dependent on BBX18. Thus, our findings reveal 36 
that XBAT31-mediated destruction of ELF3 represents an additional regulatory 37 
layer of complexity in temperature signalling during thermomorphogenesis in 38 
plants. 39 
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Global temperature increases have had major negative impacts on plant 44 
ecosystem and the productivity of crop species (1). Plants are able to sense 45 
ambient temperature changes and adjust their growth and developmental 46 
programmes accordingly. In the model plant Arabidopsis, warm temperature 47 
alters growth, including hypocotyl elongation, leaf hyponasty, and accelerates 48 
flowering, in a process called thermomorphogenesis (2). Phytochromes, 49 
especially phyB, originally identified as photoreceptors, also function as 50 
thermosensors in Arabidopsis (3-5). Warm temperature accelerates the 51 
conversation of phyB from active Pfr back to inactive Pr, therefore releasing the 52 
inhibitory effects of phyB on PHYTOCHROME INTERACTING FACTOR (PIF) 53 
family proteins, such as the bHLH transcription factor PIF4 (6). PIF4 is a key 54 
regulator of plant thermomorphogenesis, which is subjected to various 55 
regulations both at transcriptional and post translational levels (7-16). 56 
The evening complex (EC), consisting of EARLY FLOWERING3 (ELF3), 57 
EARLY FLOWERING4 (ELF4), and LUX ARRYTHMO (LUX), are core 58 
components of the circadian clock and coordinate environmental temperature 59 
cues with endogenous developmental signals for thermoresponsive gene 60 
expression and hypocotyl growth (17). ELF3 recruits ELF4 and LUX to repress 61 
the transcriptional expression of PIF4 during early night (12, 18). ELF3 also 62 
suppresses PIF4 protein activity in an EC-independent manner by preventing 63 
PIF4 from activating its transcriptional targets in the light (19). ELF3 has a 64 
polyglutamine (polyQ) tract and changing the length of polyQ repeats affects 65 
ELF3-dependent phenotypes in a striking and nonlinear manner (20). Recently, 66 
the polyQ repeats of ELF3 within a predicted prion-like domain (PrD) were 67 
reported to function as a thermosensor in Arabidopsis (21). ELF3 PrD 68 
undergoes liquid-liquid phase separation, which releases the inhibitory effect of 69 
4 
 
ELF3 on PIF4 under warm temperature conditions (21), however, how the 70 
protein stability of ELF3 is controlled at warm temperature remains enigmatic. 71 
The B-box (BBX) family proteins are zinc-finger proteins of which the BBX 72 
motif is important for transcriptional regulation and protein-protein interactions 73 
(22). Recently, group IV BBX proteins BBX18 and BBX23 were identified to be 74 
involved in plant thermomorphogenesis through regulating the protein 75 
abundance of ELF3 (23). Although CONSTITUTIVE PHOTOMORPHOGENIC1 76 
(COP1), an E3 ubiquitin ligase known to be involved in controlling ELF3 stability 77 
in the photoperiod pathway under normal temperature conditions, interacts with 78 
BBX18 and BBX23, the level of ELF3 was not found to be further increased in 79 
the cop1-4 mutant at warm temperature, suggesting that other E3 ligases 80 
existed to regulate ELF3 degradation during plant thermomorphogenesis (23, 81 
24). In this study, we demonstrate that XB3 ORTHOLOG 1 IN ARABIDOPSIS 82 
THALIANA, XBAT31, regulates ELF3 stability at warm temperature. Our results 83 
show that XBAT31 is a positive thermomorphogenesis regulator that interacts 84 
with ELF3, ubiquitinates ELF3, and this leads to ELF3 degradation at warmer 85 
temperature. Interestingly, full XBAT31-mediated ELF3 degradation requires 86 
the previous identified thermomorphogenesis regulator BBX18. Therefore, our 87 
findings reveal an important mechanism in which ELF3 is modulated at the 88 
protein level by XBAT31 in response to elevated ambient temperature. 89 




XBAT31 regulates hypocotyl elongation at warm temperature 92 
In our previous RNA-Seq analysis of thermoresponsive gene expression in 93 
Arabidopsis (23), we identified a putative E3 ubiquitin protein ligase, XBAT31 94 
(AT2G28840), that is up-regulated by warm temperature. XBAT31 is one of the 95 
five Arabidopsis gene products structurally related to XA21 BINDING 96 
PROTEIN3 (XB3) in rice (25-29), but its function in plants has not yet been 97 
characterized. 98 
There are two splicing isoforms of XBAT31 in the TAIR database, 99 
XBAT31.1 and XBAT31.2, with XBAT31.1 containing an additional exon. To 100 
determine which form is responsive to warm temperature, we carried out 101 
quantitative RT-PCR (RT-qPCR) in wild-type (WT) plants under conditions of 102 
normal (22°C) and warm (29°C) ambient temperatures, respectively. Compared 103 
with the expression level at normal growth temperature, the expression of 104 
XBAT31.1, but not XBAT31.2, was increased by warm temperature (Fig. 1A-105 
B). Therefore, we focused on XBAT31.1 in later studies. The thermoresponsive 106 
increases in XBAT31 was not dependent on PIF4 or BBX18/BBX23 (23). We 107 
next checked the expression of XBAT31 in phyA and phyB mutants, which are 108 
reported to function as thermosensors for hypocotyl growth (3, 4). Compared 109 
with the WT, mutation at either PHYA or PHYB or both did not significantly 110 
affect the warm temperature-induced up-regulation of XBAT31 (Fig. S1). Thus, 111 
XBAT31 expression is responsive to warm temperature independent of 112 
PHYA/PHYB. 113 
To understand the biological function of XBAT31 in plant 114 
thermomorphogenesis, we generated several independent loss-of-function 115 
mutant lines of XBAT31 with the CRISPR-Cas9 targeted gene editing system 116 
(Fig. S2), and two of them were used for measurements of hypocotyl length, a 117 
phenotypic trait that is highly responsive to warm temperature. These mutants 118 
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grew normally at the seedling stage and had a similar hypocotyl length as the 119 
WT plants under normal ambient growth temperature conditions in the light (Fig. 120 
1C-D), as well as in the dark (Fig. S3A & S3C). However, compared with that 121 
of the WT seedlings, the hypocotyl length was significantly reduced in both lines 122 
of XBAT31 mutants at warm temperature (Fig. 1C-D). We next generated 123 
XBAT31 overexpression plants using the constitutive CaMV 35S promoter (Fig. 124 
S4A). The hypocotyl length of the overexpression plants was measured and 125 
was similar to that of the WT plants in the dark (Fig. S3B & S3D) and slightly 126 
longer than that in the WT plants under the light when grown at 22°C (Fig. 1E-127 
F). In contrast, at warm temperature (29°C), the hypocotyl length of XBAT31 128 
overexpression plants was much longer than that of the WT (Fig. 1E-F). 129 
Therefore, XBAT31 is an important positive regulator in thermomorphogenesis 130 
in Arabidopsis. 131 
Plant thermomorphogenesis often relies on transcriptional regulation of 132 
gene expression involved in phytohormone biosynthesis and signalling (8, 9, 133 
30, 31). To further understand whether XBAT31 controls the expression of 134 
thermoresponsive genes, we compared the expression of three auxin 135 
responsive marker genes, YUCCA8 (YUC8), INDOLE-3-ACETIC ACID 136 
INDUCIBLE19 (IAA19), and F-box family protein (AT1G73120) (23), in the WT, 137 
xbat31-1 mutant, and XBAT31ox-1 overexpression plants. This was performed 138 
under both normal and warm temperature conditions. We found that all these 139 
three genes showed increased transcript accumulation in warm temperature in 140 
the WT plants at ZT 8 hr and ZT 24 hr. However, YUC8 displayed a lower 141 
increase, and the other two genes were not increased at warm temperature in 142 
xbat31-1 mutant plants at ZT 8 hr. In contrast, the expression of all these three 143 
genes was elevated by warm temperature in XBAT31ox-1 overexpression 144 
plants than that in WT plants at ZT 8 hr and ZT 24 hr (Fig. 1G-H). We also 145 
checked the gene expression of ELF3 and PIF4, two important genes regulating 146 
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plant thermomorphogenesis. The expression of both in xbat31-1 or XBAT31ox-147 
1 plants was similar to that of WT plants under both temperature conditions (Fig. 148 
S5). Taken together, our results demonstrate that XBAT31 is an important 149 
positive regulator of plant thermomorphogenesis. 150 
 151 
XBAT31 functions upstream of PIF4 in the thermomorphogenesis 152 
pathway 153 
It is well established that the bHLH transcription factor PIF4 is a hub for ambient 154 
temperature responses that integrates various environmental signals into plant 155 
morphogenesis and growth control (2). To analyze the genetic relationship 156 
between XBAT31 and PIF4, we examined the hypocotyl phenotype of single 157 
mutants of XBAT31 and PIF4, as well as double mutant plants under normal 158 
and warm temperature conditions. The hypocotyls of xbat31-1 pif4-101 plants 159 
did not elongate at 29°C as much as the pif4-101 single mutant (Fig. 2A & 2D). 160 
Thus, PIF4 is epistatic to XBAT31. To determine whether the function of 161 
XBAT31 in thermomorphogenesis depends on PIF4, we overexpressed 162 
XBAT31 in both the WT and pif4-101 mutant backgrounds, obtained through 163 
genetic crossing (Fig. S4B). As shown above, XBAT31 overexpression in the 164 
WT background conferred an elevated thermoresponsive hypocotyl-growth 165 
phenotype compared to the WT. However, in the PIF4 mutant background, 166 
XBAT31 overexpression plants had a similar hypocotyl length as the pif4-101 167 
mutant plants (Fig. 2B & 2E). Therefore we concluded that the function of 168 
XBAT31 in hypocotyl growth is dependent on PIF4. Overexpression of PIF4 in 169 
the WT background enhances hypocotyl elongation (14, 23, 32). We crossed 170 
the PIF4 overexpression plants to the XBAT31 mutant plants (Fig. S4C) and 171 
checked the thermoresponsive hypocotyl phenotypes. As expected, PIF4 172 
overexpression promoted hypocotyl elongation in both the WT and XBAT31 173 
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mutant backgrounds (Fig. 2C & 2F). Taken together, these results support that 174 
XBAT31 functions upstream of PIF4 in thermomorphogenesis. 175 
 176 
ELF3 is epistatic to XBAT31 during thermomorphogenesis 177 
ELF3 is a key component of the EC, and the EC regulates its targets in a 178 
temperature dependent fashion (12). One of the key EC targets is the gene 179 
PIF4 that along with all the other EC targets becomes more highly expressed 180 
at high temperature because ELF3 responds to temperature, inactivating the 181 
EC (33, 34). Separately, it appears that ELF3 also binds and inhibits the activity 182 
of the PIF4 protein from activating its transcriptional targets (19). We were thus 183 
interested in exploring the genetic relationship of XBAT31 and ELF3. Compared 184 
with the WT, elf3-101 mutant plants had longer hypocotyls whereas xbat31-1 185 
mutant plants had shorter hypocotyls at 29°C (Fig. 2G & 2I). However, the 186 
ELF3 and XBAT31 double mutant xbat31-1 elf3-101 plants resembled the elf3-187 
101 single mutant plants in terms of hypocotyl elongation (Fig. 2G & 2I), which 188 
supports that ELF3 is epistatic to XBAT31 during thermomorphogenesis. We 189 
also generated XBAT31 and ELF3 double overexpression plants by crossing 190 
the XBAT31ox-1 plants and ELF3ox-1 plants, in which XBAT31 and ELF3 were 191 
overexpressed under the control of the CaMV 35S promoter (Fig. S4D). ELF3 192 
overexpression suppressed hypocotyl elongation while XBAT31 193 
overexpression promoted hypocotyl elongation at 29°C (Fig. 2H & 2J). 194 
However, the hypocotyl length of the ELF3ox-1 XBAT31ox-1 double 195 
overexpression plants was similar to that of the XBAT31ox-1 single 196 
overexpression plants under both normal and warm temperature conditions 197 
(Fig. 2H & 2J). These results suggest that the function of XBAT31 in 198 
thermomorphogenesis is dependent on ELF3, and ELF3 probably is an in vivo 199 




XBAT31 interacts with ELF3 both in vitro and in vivo 202 
To better understand the relationship between XBAT31 and ELF3, we next 203 
tested for their possible protein-protein interaction in the yeast two-hybrid assay. 204 
Initial results showed that XBAT31 interacted with ELF3 in yeast cells, 205 
subsequently we made four truncations (F1-F4) for XBAT31 and three 206 
truncations (N, M, and C) for ELF3, respectively, to further narrow down the 207 
interaction sites (Fig. 3A-B). It was found that the region (P301-P361) 208 
containing the RING finger domain of XBAT31 was sufficient to interact with 209 
ELF3, and both the N-terminal and middle domains of ELF3 could interact with 210 
XBAT31 (Fig. 3C-D). 211 
The interactions between XBAT31 and ELF3 were confirmed by further 212 
assays. In in vitro pull-down assays, the glutathione S-transferase (GST)-213 
tagged ELF3 precipitated with the maltose binding protein (MBP)-tagged 214 
XBAT31 (Fig. 3E). By using split-luciferase assays and split-YFP assays in 215 
Nicotiana benthamiana leaves, we confirmed the occurrence of interaction 216 
between XBAT31 and ELF3 in plants (Fig. 3F-G). The XBAT31-YFP fusion 217 
protein was observed in nucleus (Fig. S6), and the interaction between XBAT31 218 
and ELF3 was also found in nucleus in the split-YFP assays (Fig. 3G). We next 219 
performed co-immunoprecipitation (Co-IP) assays in Arabidopsis, and the 220 
results showed that the FLAG-tagged XBAT31 could be co-immunoprecipitated 221 
with the endogenous ELF3 (Fig. 3H). Taken together, our results demonstrate 222 
that XBAT31 interacts with ELF3 both in vitro and in vivo. 223 
 224 
XBAT31 mediates the ubiquitination and degradation of ELF3 225 
As ELF3 is a protein that interacts with the ubiquitin E3 ligase XBAT31, we 226 
speculated that XBAT31 may negatively regulate the stability of ELF3 by 227 
mediating its ubiquitination and degradation. To examine whether XBAT31 228 
promotes this proteolysis of ELF3, we performed cell-free degradation assay 229 
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with extracts from the WT and XBAT31 overexpression plants, respectively. 230 
Our results showed that ELF3 degradation was faster in XBAT31ox-1 plants 231 
than that in WT plants. This ELF3 degradation was inhibited by MG132, an 232 
inhibitor of the 26S proteasome degradation system (Fig. 4A-D). Thus, XBAT31 233 
promotes ELF3 degradation in a manner dependent on the 26S proteasome. 234 
To investigate whether the E3 ligase XBAT31 facilitates ELF3 degradation 235 
directly by ubiquitination, in vitro ubiquitination assays were performed. GST-236 
ELF3 and MBP-XBAT31 were purified from E. coli and incubated in the 237 
presence or absence of E1 (UBA1), E2 (UBCh5b) and ubiquitin (Ub). A version 238 
of XBAT31 (MBP-XBAT31M) in which the RING domain of XBAT31 was 239 
mutated (H336A) was also included. Our results showed that the native form 240 
MBP-XBAT31, but not the mutated form MBP-XBAT31M, was auto-241 
ubiquitinated as detected by using the anti-Ub antibody (Fig. 4E). It was difficult 242 
to differentiate the auto-ubiquitinated XBAT31 and ubiquitinated ELF3 on gels 243 
with anti-Ub antibody, however, GST-ELF3 was conjugated with ubiquitin 244 
molecules in the presence of ubiquitin, E1, E2 and MBP-XBAT31 as shown with 245 
the anti-GST or anti-ELF3 antibody (Fig. 4E). In contrast, the mutated form of 246 
XBAT31 (H336A) could not ubiquitinate ELF3 under the same reaction 247 
conditions (Fig. 4E). All above biochemical results demonstrate that XBAT31 248 
can lead to ubiquitination of ELF3, which is dependent on the RING domain of 249 
XBAT31. 250 
To understand how XBAT31 regulates the protein stability of ELF3 in 251 
Arabidopsis plants during thermomorphogenesis, we examined ELF3 protein 252 
levels by western blotting with ELF3-specific antibody (Fig. S4G) in XBAT31 253 
mutant and overexpression plants under both normal and warm temperatures, 254 
respectively. Since the warm temperature-induced hypocotyl elongation was 255 
more prominent during the daytime under long-day conditions (35), and 256 
differential expression of thermoresponsive marker genes between WT and 257 
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XBAT31 mutant or overexpression plants was observed at ZT 8 hr (Fig. 1G-H), 258 
we collected protein extracts at ZT 8 hr and performed western-blotting analysis. 259 
We found lower levels of ELF3 in the warm temperature when comparing with 260 
that at normal growth temperature in the WT (Fig. 4F-I). Furthermore, the 261 
protein level of ELF3 was lower in XBAT31 overexpression plants than that in 262 
WT under both temperature conditions (Fig. 4F & 4H). In contrast, unlike that 263 
in the WT, the ELF3 protein level was not reduced by warm temperature in the 264 
XBAT31 mutant plants (Fig. 4G & 4I). Taken together, our results support that 265 
XBAT31 mediates the ubiquitination and degradation of ELF3 at warm 266 
temperature. 267 
 268 
XBAT31-mediated thermomorphogenesis requires BBX18  269 
Previously, we have shown that the B-box family proteins BBX18 and BBX23 270 
regulate ELF3 stability during thermomorphogenesis, and that the E3 ubiquitin 271 
ligase COP1 plays only a minor role in mediating ELF3 degradation at warm 272 
temperature (23). Therefore, we were interested in whether the function of 273 
XBAT31 in thermomorphogenesis depends on BBX18/BBX23. We crossed the 274 
XBAT31 overexpression plants with the BBX18 single mutant, or the BBX23 275 
single mutant, or the double mutant bbx18-1 bbx23-1 (Fig. S4E-F), and 276 
checked their hypocotyl growth under normal and warm temperature conditions. 277 
As reported above, overexpression of XBAT31 in the WT background 278 
accelerated hypocotyl elongation. However, the hypocotyl phenotype was 279 
suppressed in either the bbx18-1 single mutant background or in the bbx18-1 280 
bbx23-1 double mutant background, but not in the bbx23-1 single mutant 281 
background, both at normal and warm temperatures (Fig. 5A-E). Our results 282 
revealed that the function of XBAT31 in thermomorphogenesis is dependent on 283 
BBX18. We also crossed xbat31-1 mutant to bbx18-1 mutant and generated 284 
the xbat31-1 bbx18-1 double mutant, and the phenotypic analysis showed that 285 
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hypocotyl length of the xbat31-1 bbx18-1 double mutant is similar to that of the 286 
xbat31-1 mutant or the bbx18-1 mutant plants (Fig. 5F). These results 287 
demonstrated that XBAT31 and BBX18 function in thermomorphogenesis in the 288 
same regulatory pathway. 289 
   To test for a possible physical interaction between XBAT31 and BBX18, we 290 
performed in vitro pull-down assays. Our results showed that GST-XBAT31 was 291 
able to pull down MBP-BBX18 (Fig. 5G). Split-luciferase assays and split-YFP 292 
assays further confirmed the occurrence of interaction between XBAT31 and 293 
BBX18 in plants (Fig. 5H-I). We also checked the ELF3 protein levels at ZT 8 294 
hr in XBAT31 overexpression plants in the WT and bbx18 mutant backgrounds. 295 
As expected, the protein level of ELF3 under warm temperature conditions was 296 
higher in the bbx18-1 mutant plants compared with that in the WT plants at ZT 297 
8 hr (Fig. 5J & 5L), and the accumulation of ELF3 in the bbx18-1 mutant 298 
background was much higher than that in the WT background when XBAT31 299 
was overexpressed (Fig. 5K & 5M). The ELF3 protein level was higher in the 300 
bbx18-1 mutant background than that in the WT background at 22°C, possibly 301 
because BBX18 also has other function at normal growth temperature when 302 
XBAT31 is overexpressed. We conclude that XBAT31-mediated degradation of 303 
ELF3 at warm temperature depends on the function of BBX18 in Arabidopsis. 304 
 305 
DISCUSSION 306 
Sensing prevailing temperature helps plant to better adapt to the surrounding 307 
environment. Both warm temperature and reduced light conditions promote 308 
hypocotyl elongation, leaf hyponasty and early flowering. There are multiple 309 
perception points that signal thermal changes. phyB is the main photoreceptor 310 
with two different activation states (36). Warm temperature controls the 311 
conversion of phyB from the active Pfr state to the inactive Pr state, releasing 312 
the inhibitory effect of phyB on PIF4 (3, 4). In contrast, ELF3 functions in 313 
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Arabidopsis through a differing mechanism in which warm temperature induces 314 
liquid-liquid phase separation of ELF3, leading to its inactivation and therefore 315 
activation of PIF4 at a warm temperature (21). In the current study, we 316 
demonstrate that the E3 ubiquitin ligase XBAT31 controls the protein stability 317 
of ELF3, especially under warm temperature conditions. Interestingly, XBAT31-318 
mediated thermomorphogenesis requires BBX18, a B-box family protein that 319 
responds to warm temperature both at transcriptional and post translational 320 
levels (23). These results provide new insights into our understanding on how 321 
warm temperature conveys the signal to ELF3 for hypocotyl growth in plants. 322 
The EC is a night transcriptional repressor complex that functions in the 323 
plant circadian clock as well as in temperature and light entrainment (12, 37, 324 
38). Among the three core components, only LUX has DNA-binding domain and 325 
directly binds to target DNA whereas ELF3 and ELF4 enhance the binding of 326 
EC to DNA (39). The EC represses the expression of PIF4, which is reduced 327 
by warm temperature (12). At warm temperature, the function of ELF4 on 328 
hypocotyl growth is dependent on ELF3, while overexpression of ELF3 in elf4-329 
2 mutant background does not change thermal responsiveness, suggesting 330 
that these two proteins function together during thermomorphogenesis (21). 331 
However, ELF3 was also reported to function alone to inhibit the protein activity 332 
of PIF4, in which warm temperature releases such inhibitory effects (19). 333 
Genetic association studies showed that natural variation in ELF3 locus is 334 
correlated with warm temperature-induced hypocotyl elongation in Arabidopsis, 335 
supporting the role of ELF3 in controlling PIF4 activity (33, 34). Our results 336 
showed that XBAT31 functions upstream of PIF4 and finely tunes the protein 337 
level of ELF3 at warm temperature. Therefore, XBAT31 regulates hypocotyl 338 
growth through releasing the inhibitory effects of ELF3 on PIF4 protein activity. 339 
We do not exclude the possibility that XBAT31 regulates thermomorphogenesis 340 
by affecting EC, since depletion of ELF3 would affect the entire EC. The 341 
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expression level of PIF4 was not dramatically affected in XBAT31 mutant and 342 
overexpression plants in our experiments, which was probably due to the long-343 
day conditions used in the current study. 344 
Under normal ambient temperature conditions, ELF3 is degraded by the 345 
E3 ligase COP1 in the dark, and light diminishes the abundance of COP1 and 346 
abrogates its inhibitory effects on ELF3 and other targets to promote 347 
photomorphogenesis (24). However, warm temperature triggers the nuclear 348 
import of COP1 and alleviates the suppression of hypocotyl elongation by 349 
degrading ELONGATED HYPOCOTYL5 (HY5) (35). Both the ELF3 transcript 350 
expression and ELF3 protein accumulation were higher at ZT 24 hr at warm 351 
temperature than that at normal ambient temperature (23). Although 352 
BBX18/BBX23 enhanced COP1-mediated degradation of ELF3 in the effector-353 
reporter assays in tobacco leaves, mutation of COP1 did not while mutations of 354 
BBX18/BBX23 did dramatically affect ELF3 accumulation during night time in 355 
Arabidopsis at warm temperature (23). In contrast, the ELF3 transcriptional 356 
level was not changed while ELF3 protein level decreased at ZT 8 hr under light 357 
at warm temperature, and mutation of XBAT31 were found to stabilize ELF3 358 
accumulation at warm temperature, while overexpression of XBAT31 359 
accelerated ELF3 degradation in daytime under long-day conditions, which was 360 
dependent on the function of BBX18. Therefore, XBAT31 plays a major role in 361 
controlling ELF3 stability under light at warm temperature. We do not exclude 362 
the possibility that XBAT31 and BBX18/BBX23 also function at normal ambient 363 
growth temperature, since overexpression of XBAT31 promotes hypocotyl 364 
growth to a small extent at 22°C. 365 
 How do XBAT31 and BBX18 respond to warm ambient temperature? The 366 
expressions of both XBAT31 and BBX18 were increased, while the protein level 367 
of XBAT31 was not obviously affected by warm temperature. In contrast, 368 
BBX18 protein was significantly stabilized by warm temperature (23). Therefore, 369 
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warm temperature may also convey signals to XBAT31 via BBX18. BBX18 370 
belongs to the group IV BBX proteins that have two BBX motifs, but lacks the 371 
CONSTANS, CO-like, and TOC1 (CCT) domain essential for the DNA-binding 372 
activity in transcriptional regulation (22, 40). Although XBAT31 directly interacts 373 
with ELF3, BBX18 may function as a secondary scaffold protein to enhance the 374 
interaction between XBAT31 and ELF3 in vivo at warm temperature. It is not 375 
clear how warm temperature regulates the stability of BBX18, but our results 376 
indicate a central role of XBAT31 in transducing warm temperature signals from 377 
BBX18 and perhaps other BBX proteins to PIF4 in plants. 378 
In summary, as depicted in the proposed model (Fig. 6), XBAT31 functions 379 
as a positive thermomorphogenesis regulator through regulating the protein 380 
stability of ELF3 in Arabidopsis. Under normal ambient growth temperatures, 381 
ELF3 suppresses PIF4 activity to inhibit hypocotyl elongation. In response to 382 
warm temperatures, both XBAT31 and BBX18 accumulate and function 383 
together to target ELF3 for 26S proteasome-associated degradation. This  384 
enables/enhances PIF4 to promote the expression of downstream genes for 385 
hypocotyl elongation, such as YUC8. This defines XBAT31 and BBX18 as 386 
upstream regulators for thermoresponsive hypocotyl growth. 387 
 388 
MATERIALS AND METHODS  389 
Plant materials and hypocotyl length measurements  390 
Plants in the Columbia-0 (Col-0) background were used in the current study. 391 
Information on pif4-101, elf3-101, bbx18-1, bbx23-1, PIF4ox-1 and ELF3ox-1 392 
plants was described in our previous paper (23). Seeds were surface-sterilized 393 
with 75% ethanol for 1 min and then with 0.01% sodium hypochlorite solutions 394 
for 20 min, and subsequently washed with sterilized water. All the seeds were 395 
grown directly on half-strength Murashige and Skoog (MS) medium (containing 396 
1.2% sucrose and 0.6% agar, pH adjusted to 5.7), stratified at 4°C for 4 days, 397 
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and then transferred to a standard plant incubator with the following settings: 398 
22°C, 16/8-hr day/night. 399 
Independent lines of XBAT31 loss-of-function mutants were generated 400 
using the CRISPR/Cas9 system (41). For overexpression of XBAT31, the 401 
coding sequences (CDS) of XBAT31.1 were amplified and inserted into 402 
pCambia1306 with the 35S promoter. Primers are included in Table S1. The 403 
constructs were transformed into Agrobacterium tumefaciens strain GV3101 404 
via the freeze-thaw method and introduced into Arabidopsis plants via the floral-405 
dip method (42). Double mutants, double overexpression plants, and other 406 
materials as mentioned were obtained by crossing the respective parents and 407 
selecting for the appropriate segregant in the F2 generation. 408 
For hypocotyl length measurements, when comparing the mutant plants 409 
with the wild-type (WT) plants, seedlings were grown at 22°C for 3 days, and 410 
then transferred to 29°C or maintained at 22°C for another 4 days; when 411 
comparing the overexpression plants with the WT plants, seedlings were grown 412 
at 22°C for 4 days, and then transferred to 29°C or maintained at 22°C for 413 
another 3 days. Seedlings were photographed by a camera, and the hypocotyl 414 
lengths were quantified using ImageJ software (National Institutes of Health). 415 
We used 24 seedlings from three biological replicates for these measurements. 416 
One-way ANOVA analyses and Tukey’s honestly significant difference (HSD) 417 
test (P < 0.05) were performed for statistical analysis of the phenotypes. 418 
Yeast two-hybrid assays  419 
Full-length CDS and truncations of ELF3, BBX18, and XBAT31 were cloned 420 
into pGADT7 (Clontech, Palo Alto, CA, USA) or pGBKT7 (Clontech) vectors 421 
to generate the baits and preys, respectively. Different combinations were co-422 
transformed into yeast strain Y2HGold (Clontech) using a commercial kit (Zymo 423 
Research, Irvine, CA, USA) and grew on selective plates at 30°C for 2-4 days. 424 
All the primers are listed in Table S1. 425 
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Pull-down and Co-IP assays  426 
Full-length CDS of BBX18, ELF3, and XBAT31 was cloned into pETMALc-H, 427 
or pGEX4T-1 vectors to generate MBP-BBX18, GST-ELF3, MBP-XBAT31, or 428 
GST-XBAT31 fusion proteins. Transetta cells (Novagen, Madison, WI, USA) 429 
transformed with different respective vectors were induced by 300 μM isopropyl 430 
β-D-1-thiogalactopyranoside (IPTG) at 16°C overnight, and the resultant fusion 431 
proteins were affinity-purified with either amylose agarose beads (BioLabs, 432 
London, UK) or Glutathione-Super-flow resin (Takara, Japan), respectively, for 433 
MBP- and GST-tagged proteins. For pull-down assays, different combinations 434 
of recombinant proteins were incubated in pull-down buffer (20 mM Tris-HCl 435 
(pH 7.4), 200 mM NaCl, 1 mM EDTA) for 2 hr at 4°C with slow rotations. 436 
Subsequently, the beads were washed with pull-down buffer 3-5 times, and 437 
boiled with 2X SDS loading buffer. Protein extracts were separated in 4-20% 438 
SDS-PAGE gels and analyzed via anti-MBP (GenScrip, Piscataway, NJ, USA) 439 
or anti-GST (Abmart, Shanghai, China). For Co-IP assays, total proteins were 440 
extracted from WT and XBAT31-FLAG overexpression plants and 441 
immunoprecipitated with beads conjugated with anti-FLAG antibody 442 
(GenScript). After washing three times, beads were boiled with 2X SDS loading 443 
buffer and western blotting was performed with anti-ELF3 antibody (ABclonal, 444 
Wuhan, China). All the primers are listed in Table S1. 445 
Split-luciferase and split-YFP assays 446 
Full-length CDS of ELF3, BBX18, and XBAT31 was fused in frame with the 447 
nLUC or cLUC (23) to generate cLUC-ELF3, cLUC-BBX18, or XBAT31-nLUC. 448 
Alternatively, they were fused to the nYFP or cYFP to generate nYFP-ELF3, 449 
nYFP-BBX18, or XBAT31-cYFP. Different combinations were transformed into 450 
Agrobacterium tumefaciens strain GV3101 and infiltrated into Nicotiana 451 
benthamiana leaves together with P19. Luciferase luminescence was detected 452 
by a Tanon 5200 Image Analyzer (Tanon, Shanghai, China). The YFP 453 
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fluorescence signals were detected under a confocal microscope LSM710NLO 454 
(Zeiss, Oberkochen, German). All the primers are listed in Table S1. 455 
In vitro ubiquitination assays 456 
Full-length CDS of ELF3, XBAT31, E1 (Arabidopsis UBA1), E2 (human 457 
UBCH5b), and Ub (UBQ14) were respectively cloned into pETMALc-H, pET-458 
SUMO, or pGEX4T-1 vectors to generate GST-ELF3, MBP-XBAT31, MBP-459 
XBAT31M, His-E1, His-E2, or His-E3 constructs that generate fusion proteins. 460 
A mutated form of XBAT31 in the RING domain (MBP-XBAT31M, H336A) was 461 
created by overlapping PCR. These fusion proteins, as well as MBP empty 462 
control, were purified with amylose agarose (BioLabs), Ni-NTA agarose 463 
(Qiagen, Berlin, Germany), or Glutathione-Super-flow resin (Takara), 464 
respectively. Ubiquitination assays were performed in reaction buffer containing 465 
50 mM Tris-HCl (pH 7.5), 20 mM ZnCl2, 5 mM MgCl2, 2 mM ATP, 2 mM DTT 466 
and 20 μM MG132. After 2 hr incubation at 30°C, the reaction was stopped by 467 
adding SDS loading buffer. Ubiquitinated GST-ELF3 was detected by using 468 
anti-Ub (Santa Cruz Biotechnology, Dallas, TX, USA), anti-GST (Abmart) and 469 
anti-ELF3 (ABclonal) antibodies, respectively. 470 
Cell-free degradation assay 471 
WT and XBAT31ox-1 plants grown at 22°C under LDs for 4 days were 472 
transferred to 29°C for 3 days and sampled at ZT 8 hr. Seedlings were 473 
harvested and total proteins were extracted using the extraction buffer (50 mM 474 
Tris-MES (pH 8.0), 0.5 mM sucrose, 1 mM MgCl2, 10 mM EDTA, 5mM DTT) 475 
with freshly added protease inhibitor cocktail CompleteMini tablets (Roche, 476 
Shanghai, China). After that the protein mixtures were incubated with 10 mM 477 
ATP and 50 μM Cycloheximide (CHX) at 29°C for 0-100 min in the presence or 478 
absence of 50 μM MG132. After SDS-PAGE, the abundance of ELF3 was 479 
detected by western blotting. Three independent experiments were performed 480 
and each immunoblot was quantified using ImageJ software. 481 
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Western blot analysis 482 
To analysis the ELF3 protein levels in WT, XBAT31ox-1, xbat31-1, bbx18-1 483 
plants, or the multiple mutant genotypes, seedlings grown at 22 °C under LDs 484 
for 5 days were transferred to 29°C or maintained at 22°C for 24 hr and then 485 
sampled at ZT 8 hr. Total proteins were extracted with the extraction buffer (125 486 
mM Tris-HCl (pH 8.0), 375 mM NaCl, 2.5 mM EDTA, 1% SDS and 1% β-487 
mercaptoethanol), Afterward, the proteins were separated in 10% SDS-PAGE 488 
gels and analyzed using anti-ELF3 (12, 19) (ABclonal, Wuhan, China) and anti-489 
tubulin (Sigma, Shanghai, China) antibodies. Three independent experiments 490 
were performed and each immunoblot was quantified using ImageJ software. 491 
RT-qPCR  492 
For reverse transcription-quantitative real-time polymerase chain reaction (RT-493 
qPCR) analyses, 5-day-old seedlings grown at 22°C under LDs were 494 
transferred to 29°C or maintained at 22°C for 24 hr and then sampled at ZT 8, 495 
16, 24 hr on the next day. Total RNAs were extracted with an RNA Prep Pure 496 
Plant kit (Tiangen, Shanghai, China). To synthesize cDNA, 2 μg of RNA and 497 
oligo (dT) primers were used in a 20-μL reaction using M-MLV reverse 498 
transcriptase (Invitrogen, Carlsbad, CA, USA). RT-qPCR was performed with 499 
SuperReal PreMix Color (Tiangen, Shanghai, China) in accordance with the 500 
manufacturer’s protocol in a CFX96 real-time system (Bio-Rad, Hercules, CA, 501 
USA). The PCR programme was set as follows: first cycle, 95°C for 15 min; 40 502 
cycles of denaturing (90°C for 10 sec), annealing (60°C for 30 sec), extension 503 
(72°C for 30 sec); last extension, 65°C to 95°C for 5 sec with an increment of 504 
0.5°C. The expression level was calculated using the ∆∆CT method. There are 505 
three biological replicates in each experiment, and the expression of each gene 506 
was normalized to that of the reference gene PP2A. All the primers used are 507 
listed in Table S1. 508 
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SUPPLEMENTAL INFORMATION 690 
Fig. S1 Independence of phytochromes on the warm temperature-induced 691 
up-regulation of XBAT31.  692 
Wild-type and phytochrome mutants grown at 22°C were transferred to warm 693 
temperature (29°C) for 48 hr and sampled for RT-qPCR. Relative gene 694 
expression is the expression level of XBAT31 relative to that in non-stressed 695 
WT plants, which was normalized to that of the internal control PP2A. Error bars 696 
25 
 
represent the SE (n=3). Letters above the bars indicate significant differences 697 
as determined by HSD test (P < 0.05). 698 
Fig. S2 Targeted gene editing for XBAT31.  699 
Sequences of XBAT31 derived from the WT and XBAT31 mutant (xbat31-1 and 700 
xbat31-2) plants are aligned. The mutated sites are highlighted in red. *, stop 701 
codon; ANK, ankry repeat; RING, Really Interesting New Gene. 702 
Fig. S3 Hypocotyl growth of XBAT31 mutants and overexpression plants 703 
in the dark.  704 
Wild-type (WT), XBAT31 mutant and overexpression plants were germinated 705 
and grown in the dark at 22°C for four days, after which the seedlings were 706 
imaged (A-B) and the hypocotyls were measured (C-D). The bars depict SD 707 
(n=24). Letters above the bars indicate significant differences as determined by 708 
Duncan's multiple range test (P < 0.05). Bar = 10 mm. 709 
Fig. S4 Validation of transgene expression and antibody specific.  710 
(A-F) Wild-type (WT), various mutant and transgenic plants were grown under 711 
respective conditions as described for phenotypic analysis. Total proteins were 712 
extracted for western blotting using specific antibodies. Tubulin was used as a 713 
loading control. (G) Total proteins were extracted from WT and elf3-1 mutant 714 
plants grown at 22°C for western blotting using anti-ELF3 antibody. Equal 715 
amount of total proteins were loaded. 716 
Fig. S5 Thermoresponsive expression of ELF3 and PIF4.  717 
WT, xbat31-1 and XBAT31ox-1 plants grown at 22°C were transferred to either 718 
22°C or 29°C for 24 hr, and then sampled on the next day at different time 719 
points for gene expression analysis. The expression level of each sample was 720 
normalized to that in ZT 8 hr at 22°C, which was normalized to that of PP2A. 721 
The bars depict SE (n=3). 722 
Fig. S6 Nuclear localization of XBAT31.  723 
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Full-length CDS of XBAT31 was fused to yellow fluorescent protein (YFP) at 724 
the C-terminus and expressed together with a nucleus marker (NLS-mCherry) 725 
in tobacco leaves. YFP empty vector was served as the control. After infiltration, 726 
tobacco leaves were observed using laser confocal microscopy (YFP channel) 727 
or light microscopy (bright field), after which both images were merged (overlay). 728 
Bar = 50 μm. 729 
Fig. S7 Coomassie blue staining of protein gel for ubiquitination reaction. 730 
Purified GST-ELF3 was incubated with the native or mutated form of MBP-731 
XBAT31 in the presence or absence of an E1, an E2 and an ubiquitin (Ub). 732 
MBP was used as a control. After the ubiquitination reaction, proteins were 733 
separated by SDS-PAGE and detected by Coomassie blue staining. The 734 
molecular weight (kDa) of the marker is indicated on the left side of the gel. *, 735 
unknown protein products related to GST-ELF3. 736 
Table S1 | Primers used in this study. 737 
 738 
  739 
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FIGURE LEGENDS 740 
Fig. 1 XBAT31 regulates thermomorphogenesis in Arabidopsis.  741 
(A-B) Regulation of XBAT31 expression by warm temperature. Wild-type (WT) 742 
seedlings grown at 22°C were transferred to either 22°C or 29°C and then the 743 
gene expression level was examined at different Zeitgeber Time (ZT) as 744 
indicated. (C-F) Phenotypes of XBAT31 loss-of-function mutants and XBAT31 745 
overexpression plants. Seedlings of the WT, gene-edited mutant (xbat31-746 
1/xbat31-2) and overexpression seedlings (XBAT31ox-1/XBAT31ox-2) grown 747 
at 22°C were transferred to either 22°C or 29°C for 3 days (E & F) or 4 days (C 748 
& D), after which representative plants were imaged (C & E) and the hypocotyl 749 
length was subsequently measured (D & F). Error bars depict SD (n=24). The 750 
pif4-101 mutant was used as a control. Letters above the bars indicate 751 
significant differences as determined by HSD test (P < 0.05). Bar = 5 mm. (G-752 
H) Differentially expression of thermoresponsive genes. WT, xbat31-1 and 753 
XBAT31ox-1 plants grown at 22°C were transferred to either 22°C or 29°C and 754 
then sampled at different ZT time points for gene expression analysis. The 755 
expression level of each sample was normalized to that in WT at ZT 8 hr at 756 
22°C, which was normalized to that of PP2A. Error bars depict SE (n=3). 757 
Fig. 2 Both PIF4 and ELF3 are epistatic to XBAT31 in 758 
thermomorphogenesis.  759 
(A-F) Genetic analysis of PIF4 and XBAT31 in thermomorphogenesis. The pif4-760 
101 and xbat31-1 single mutants were crossed to generate the double mutant 761 
xbat31-1 pif4-101 (A & D), while PIF4 was overexpressed in the xbat31-1 762 
mutant background by crossing PIF4ox-1 plants (WT background) to xbat31-1 763 
plants (B & E). XBAT31 was overexpressed in the pif4-101 mutant background 764 
by crossing XBAT31ox-1 plants (WT background) to pif4-101 plants (C & F). 765 
(G-J) Genetic analysis between XBAT31 and ELF3 in thermomorphogenesis. 766 
The XBAT31ox-1 plants (WT background) and ELF3ox-1 (WT background) 767 
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were crossed to generate the double overexpression plants (G & I), while the 768 
xbat31-1 elf3-101 double mutant was obtained by crossing the respective single 769 
mutants (H & J). All the materials were firstly grown at 22°C and then transferred 770 
to either 22°C or 29°C for 4 days, after which representative plants were imaged 771 
and the hypocotyl length was subsequently measured. Error bars depict SD 772 
(n=24). The pif4-101 mutant was used as a control. Letters above the bars 773 
indicate significant differences as determined by HSD test (P < 0.05). Bar = 5 774 
mm. 775 
Fig. 3 XBAT31 interacts with ELF3 both in vitro and in vivo.  776 
(A-D) Protein-protein interaction between XBAT31 and ELF3 in yeast two-777 
hybrid assays. The full-length (FL) and four truncations of XBAT31 (F1-F4) 778 
were fused with the DNA-binding domain (BD), while the full-length (FL), N-779 
terminal (N), middle (M) and C-terminal (C) regions of ELF3 were fused with 780 
the activation domain (AD) of GAL4 (A-B). HIS3 and ADE2 were used for  781 
interaction reporters (C-D). (E) Pull-down assay. ELF3 was fused with a GST 782 
tag and XBAT31 was fused with a MBP tag. After co-incubation with both 783 
proteins, proteins were immuno-precipitated with glutathione-super-flow resins 784 
and detected using anti-MBP antibody. MBP was used as a negative control. 785 
(F-G) Split luciferase and split-YFP assays. XBAT31 and ELF3 were fused with 786 
the N-terminal (nLUC) and C-terminal (cLUC) portion of firefly luciferase, or the 787 
C-terminal (cYFP) and N-terminal (nYFP) portion of YFP, respectively. Empty 788 
vectors were used as controls. Different combinations of constructs were agro-789 
infiltrated into tobacco leaves and the chemiluminescence or fluorescence was 790 
observed. Bar = 50 μm. (H) Co-immunoprecipitation (Co-IP) assays. Equal 791 
amount of total proteins from wild-type (WT) and XBAT31 overexpression 792 
(XBAT31-FLAG) plants were immunoprecipitated with FLAG antibody-793 
conjugated beads and detected using anti-ELF3 antibody.  794 
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Fig. 4 XBAT31 mediates the ubiquitination and degradation of ELF3 at 795 
warm temperature.  796 
(A-D) ELF3 degradation in cell free degradation assays. Total proteins 797 
extracted from wild-type (WT) or XBAT31 overexpression (XBAT31ox-1) 798 
seedlings were incubated with or without MG132 over the indicated time course, 799 
and the level of ELF3 was detected using anti-ELF3 antibody (A-B) and 800 
quantified (C-D). Tubulin was used as a loading control and CHX was used to 801 
inhibit protein synthesis. Error bars represent SE (n=3). *P < 0.05. (E) 802 
Ubiquitination of ELF3 by XBAT31 in vitro. GST-ELF3 was incubated with the 803 
native or mutated form of MBP-XBAT31 in the presence or absence of E1, E2 804 
and ubiquitin (Ub). The ubiquitinated form of GST-ELF3 was detected using 805 
anti-Ub, anti-GST and anti-ELF3 antibodies, respectively. Brackets denote the 806 
ubiquitinated bands. (F-I) Regulation of ELF3 stability by XBAT31 in vivo. WT, 807 
XBAT31ox-1 and xbat31-1 seedlings grown at 22°C were transferred to 29°C, 808 
and ELF3 was checked with an anti-ELF3 antibody (F-G). Tubulin was used as 809 
a loading control. The band intensities in western blots were quantified (H-I). 810 
Error bars represent SE (n=3). Letters above the bars indicate significant 811 
differences as determined by HSD test (P < 0.05). The molecular weight (kDa) 812 
of the marker is indicated on the right side of the gel. 813 
Fig. 5 XBAT31-mediated ELF3 degradation is dependent on BBX18.  814 
(A-F) Requirement of BBX18 for XBAT31-mediated thermomorphogenesis. 815 
XBAT31 overexpression plant (XBAT31ox-1, WT background) was crossed to 816 
bbx18-1 or bbx23-1 or bbx18-1 bbx23-1 mutant. xbat31-1 was also crossed to 817 
bbx18-1. Seedlings grown at 22°C were transferred to either 22°C or 29°C for 818 
4 days, after which representative plants were imaged (A-B). The hypocotyl 819 
length was subsequently measured (C-F). Error bars depict SD (n=24). Bar = 820 
5 mm. (G-I) Protein-protein interaction between XBAT31 and BBX18 in the pull-821 
down assay (G), split-luciferase assay (H) and split-YFP assay (I). MBP-BBX18 822 
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and GST-XBAT31 were incubated and immuno-precipitated with glutathione-823 
super-flow resins, and detected using anti-MBP antibody (G). Different 824 
combinations of constructs were agro-infiltrated into tobacco leaves and the 825 
chemiluminescence or fluorescence was detected (H-I). Empty vectors were 826 
used as controls. Bar = 50 μm. (J-M) Dependence of BBX18 for the XBAT31-827 
regulated ELF3 stability. WT, bbx18-1 mutant, XBAT31ox-1 or XBAT31ox-1 828 
bbx18-1 plants grown at 22°C were transferred to 29°C, and ELF3 was checked 829 
with an anti-ELF3 antibody (J-K) and quantified (L-M). Tubulin was used as a 830 
loading control. Error bars represent SE (n=3). Letters above the bars indicate 831 
significant differences as determined by HSD test (P < 0.05). 832 
Fig. 6 A simplified working model for XBAT31-mediated 833 
thermomorphogenesis in plants.  834 
In this model, XBAT31 acts as an important regulator controlling the protein 835 
stability of ELF3 in Arabidopsis. Under normal ambient growth temperature 836 
conditions (e.g. 22°C), ELF3 functions as a negative regulator of PIF4 to inhibit 837 
hypocotyl elongation through either inhibiting the protein activity of PIF4 or 838 
inhibiting the expression of PIF4. Upon temperature elevation (e.g. 29°C), the 839 
E3 ubiquitin ligase XBAT31 interacts, ubiquitinates, and degrades ELF3, 840 
diminishing the inhibitory effect of ELF3 on PIF4, which promotes downstream 841 
gene expression (e.g. YUC8) and accelerates hypocotyl elongation. The warm 842 
temperature-responsive BBX protein BBX18 possibly functions as a scaffold 843 
protein to enhance XBAT31-mediated ELF3 degradation. Since ELF3 is an 844 
important component of EC, XBAT31 may also regulate protein stability of the 845 
entire EC under warm temperature conditions. 846 
 847 
 848 
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Fig. 1 XBAT31 regulates thermomorphogenesis in Arabidopsis. 
(A-B) Regulation of XBAT31 expression by warm temperature. Wild-type (WT) seedlings grown at 22°C were transferred to either 22°C or 29°C
and then the gene expression level was examined at different Zeitgeber Time (ZT) as indicated. (C-F) Phenotypes of XBAT31 loss-of-function mutants
and XBAT31 overexpression plants. Seedlings of the WT, gene-edited mutant (xbat31-1/xbat31-2) and overexpression seedlings (XBAT31ox-
1/XBAT31ox-2) grown at 22°C were transferred to either 22°C or 29°C for 3 days (E & F) or 4 days (C & D), after which representative plants were
imaged (C & E) and the hypocotyl length was subsequently measured (D & F). Error bars depict SD (n=24). The pif4-101mutant was used as a control.
Letters above the bars indicate significant differences as determined by HSD test (P < 0.05). Bar = 5 mm. (G-H) Differentially expression of
thermoresponsive genes. WT, xbat31-1 and XBAT31ox-1 plants grown at 22°C were transferred to either 22°C or 29°C and then sampled at
different ZT time points for gene expression analysis. The expression level of each sample was normalized to that in WT at ZT 8 hr at 22°C, which
was normalized to that of PP2A. Error bars depict SE (n=3).
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Fig. 2 Both PIF4 and ELF3 are epistatic to XBAT31 in thermomorphogenesis. 
(A-F) Genetic analysis of PIF4 and XBAT31 in thermomorphogenesis. The pif4-101 and xbat31-1 single mutants were crossed to generate the double mutant
xbat31-1 pif4-101 (A & D), while PIF4was overexpressed in the xbat31-1mutant background by crossing PIF4ox-1 plants (WT background) to xbat31-1 plants
(B & E). XBAT31 was overexpressed in the pif4-101 mutant background by crossing XBAT31ox-1 plants (WT background) to pif4-101 plants (C & F). (G-J)
Genetic analysis between XBAT31 and ELF3 in thermomorphogenesis. The XBAT31ox-1 plants (WT background) and ELF3ox-1 (WT background) were crossed
to generate the double overexpression plants (G & I), while the xbat31-1 elf3-101 double mutant was obtained by crossing the respective single mutants (H
& J). All the materials were firstly grown at 22°C and then transferred to either 22°C or 29°C for 4 days, after which representative plants were imaged
and the hypocotyl length was subsequently measured. Error bars depict SD (n=24). The pif4-101 mutant was used as a control. Letters above the bars
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Fig. 3 XBAT31 interacts with ELF3 both in vitro and in vivo. 
(A-D) Protein-protein interaction between XBAT31 and ELF3 in yeast two-hybrid assays. The full-length (FL) and four truncations of XBAT31 (F1-F4) were
fused with the DNA-binding domain (BD), while the full-length (FL), N-terminal (N), middle (M) and C-terminal (C) regions of ELF3 were fused with the
activation domain (AD) of GAL4 (A-B). HIS3 and ADE2 were used for interaction reporters (C-D). (E) Pull-down assay. ELF3 was fused with a GST tag and
XBAT31 was fused with a MBP tag. After co-incubation with both proteins, proteins were immuno-precipitated with glutathione-super-flow resins and
detected using anti-MBP antibody. MBP was used as a negative control. (F-G) Split luciferase and split-YFP assays. XBAT31 and ELF3 were fused with the
N-terminal (nLUC) and C-terminal (cLUC) portion of firefly luciferase, or the C-terminal (cYFP) and N-terminal (nYFP) portion of YFP, respectively. Empty
vectors were used as controls. Different combinations of constructs were agro-infiltrated into tobacco leaves and the chemiluminescence or fluorescence
was observed. Bar = 50 μm. (H) Co-immunoprecipitation (Co-IP) assays. Equal amount of total proteins from wild-type (WT) and XBAT31 overexpression
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Fig. 4 XBAT31 mediates the ubiquitination and degradation of ELF3 at warm temperature.
(A-D) ELF3 degradation in cell free degradation assays. Total proteins extracted from wild-type (WT) or XBAT31 overexpression (XBAT31ox-1) seedlings
were incubated with or without MG132 over the indicated time course, and the level of ELF3 was detected using anti-ELF3 antibody (A-B) and quantified
(C-D). Tubulin was used as a loading control and CHX was used to inhibit protein synthesis. Error bars represent SE (n=3). *P < 0.05. (E) Ubiquitination of
ELF3 by XBAT31 in vitro. GST-ELF3 was incubated with the native or mutated form of MBP-XBAT31 in the presence or absence of E1, E2 and ubiquitin (Ub).
The ubiquitinated form of GST-ELF3 was detected using anti-Ub, anti-GST and anti-ELF3 antibodies, respectively. Brackets denote the ubiquitinated bands.
(F-I) Regulation of ELF3 stability by XBAT31 in vivo. WT, XBAT31ox-1 and xbat31-1 seedlings grown at 22°C were transferred to 29°C, and ELF3 was
checked with an anti-ELF3 antibody (F-G). Tubulin was used as a loading control. The band intensities in western blots were quantified (H-I). Error bars
represent SE (n=3). Letters above the bars indicate significant differences as determined by HSD test (P < 0.05). The molecular weight (kDa) of the marker
is indicated on the right side of the gel.
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Fig. 5 XBAT31-mediated ELF3 degradation is dependent on BBX18. 
(A-F) Requirement of BBX18 for XBAT31-mediated thermomorphogenesis. XBAT31 overexpression plant (XBAT31ox-1, WT background) was crossed to
bbx18-1 or bbx23-1 or bbx18-1 bbx23-1 mutant. xbat31-1 was also crossed to bbx18-1. Seedlings grown at 22°C were transferred to either 22°C or
29°C for 4 days, after which representative plants were imaged (A-B). The hypocotyl length was subsequently measured (C-F). Error bars depict SD
(n=24). Bar = 5 mm. (G-I) Protein-protein interaction between XBAT31 and BBX18 in the pull-down assay (G), split-luciferase assay (H) and split-YFP
assay (I). MBP-BBX18 and GST-XBAT31 were incubated and immuno-precipitated with glutathione-super-flow resins, and detected using anti-MBP
antibody (G). Different combinations of constructs were agro-infiltrated into tobacco leaves and the chemiluminescence or fluorescence was detected
(H-I). Empty vectors were used as controls. Bar = 50 μm. (J-M) Dependence of BBX18 for the XBAT31-regulated ELF3 stability. WT, bbx18-1 mutant,
XBAT31ox-1 or XBAT31ox-1 bbx18-1 plants grown at 22°C were transferred to 29°C, and ELF3 was checked with an anti-ELF3 antibody (J-K) and
quantified (L-M). Tubulin was used as a loading control. Error bars represent SE (n=3). Letters above the bars indicate significant differences as
determined by HSD test (P < 0.05).
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Fig. 6 A simplified working model for XBAT31-mediated thermomorphogenesis in plants.
In this model, XBAT31 acts as an important regulator controlling the protein stability of ELF3 in Arabidopsis. Under normal ambient growth
temperature conditions (e.g. 22°C), ELF3 functions as a negative regulator of PIF4 to inhibit hypocotyl elongation through either inhibiting the
protein activity of PIF4 or inhibiting the expression of PIF4. Upon temperature elevation (e.g. 29°C), the E3 ubiquitin ligase XBAT31 interacts,
ubiquitinates, and degrades ELF3, diminishing the inhibitory effect of ELF3 on PIF4, which promotes downstream gene expression (e.g. YUC8) and
accelerates hypocotyl elongation. The warm temperature-responsive BBX protein BBX18 possibly functions as a scaffold protein to enhance XBAT31-
mediated ELF3 degradation. Since ELF3 is an important component of EC, XBAT31 may also regulate protein stability of the entire EC under warm
temperature conditions.
Fig. S1 Independence of phytochromes on the warm temperature-induced up-regulation of XBAT31.
Wild-type and phytochrome mutants grown at 22°C were transferred to warm temperature (29°C) for 48
hr and sampled for RT-qPCR. Relative gene expression is the expression level of XBAT31 relative to that in
non-stressed WT plants, which was normalized to that of the internal control PP2A. Error bars represent the



































Fig. S2 Targeted gene editing for XBAT31.
Sequences of XBAT31 derived from the WT and XBAT31 mutant (xbat31-1 and xbat31-2) plants are aligned. The
mutated sites are highlighted in red. *, stop codon; ANK, ankry repeat; RING, Really Interesting New Gene.
WT 883 GCTTATTCCTTACCATCACCCTCTTT-CTCTGACACGGATGATAACATGTCCGAGGTG
A  Y  S  L  P  S  P  S  F  S D  T  D  D  N  M  S  E  V 
xbat31-1 883 GCTTATTCCTTACCATCACCCTCTTTTCTCTGACACGGATGATAACATGTCCGAGGTG
A  Y  S  L  P  S  P  S  F  L  *
WT            883 GCTTATTCCTTACCATCACCCTCT-TTCTCTGACACGGATGATAACATGTCCGAGGTG
A  Y  S  L  P  S  P  S  F  S  D  T  D  D  N  M  S  E  V 
xbat31-2 883 GCTTATTCCTTACCATCACCCTCTGTTCTCTGACACGGATGATAACATGTCCGAGGTG
A  Y  S  L  P  S  P  S  V  L  *
S302
Fig. S3 Hypocotyl growth of XBAT31 mutants and overexpression plants in the dark.
Wild-type (WT), XBAT31 mutant and overexpression plants were germinated and grown in the dark at 22°C for
four days, after which the seedlings were imaged (A-B) and the hypocotyls were measured (C-D). The bars depict
SD (n=24). Letters above the bars indicate significant differences as determined by Duncan's multiple range test
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Fig. S4 Validation of transgene expression and antibody specific. 
(A-F) Wild-type (WT), various mutant and transgenic plants were grown under respective conditions as
described for phenotypic analysis. Total proteins were extracted for western blotting using specific
antibodies. Tubulin was used as a loading control. (G) Total proteins were extracted from WT and elf3-1









Fig. S5 Thermoresponsive expression of ELF3 and PIF4.
WT, xbat31-1 and XBAT31ox-1 plants grown at 22°C were transferred to either 22°C or 29°C for 24 hr, and
then sampled on the next day at different time points for gene expression analysis. The expression level of
each sample was normalized to that in ZT 8 hr at 22°C, which was normalized to that of PP2A. The bars depict
SE (n=3).
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Fig. S6 Nuclear localization of XBAT31.
Full-length CDS of XBAT31 was fused to yellow fluorescent protein (YFP) at the C-terminus and expressed
together with a nucleus marker (NLS-mCherry) in tobacco leaves. YFP empty vector was served as the control.
After infiltration, tobacco leaves were observed using laser confocal microscopy (YFP channel) or light
microscopy (bright field), after which both images were merged (overlay). Bar = 50 μm.
Fig. S7 Coomassie blue staining of protein gel for ubiquitination reaction. Purified GST-ELF3 was incubated with the
native or mutated form of MBP-XBAT31 in the presence or absence of an E1, an E2 and an ubiquitin (Ub). MBP was
used as a control. After the ubiquitination reaction, proteins were separated by SDS-PAGE and detected by Coomassie
blue staining. The molecular weight (kDa) of the marker is indicated on the left side of the gel. *, unknown protein
products related to GST-ELF3.
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Name Purpose Forward Primer(5'-3') Reverse Primer(5'-3') 
sgXBAT31-t sgRNA ATTGTCATCCGTGTCAGAGAAAGA AAACTCTTTCTCTGACACGGATGA 
sgXBAT31-g sgRNA ATTGTCATCCGTGTCAGAGAAAGA AAACTCTTTCTCTGACACGGATGA 
ccXBAT31 Sequencing TATGTGGTTGCGATGAAGCA CGGGATCCTCACAATATTGGTTTGTCC 
XBAT31-FLAG Overexpression GGGGTACCATGGGGCAGAGTATGAGCTG CCCTCGAGCAATATTGGTTTGTCCATC 
XBAT31-YFP Localization TTGGCGCGCCATGGGGCAGAGTATGAGCTG CTAGTCTAGACAATATTGGTTTGTCCATC 
XBAT31-nLUC Split-LUC GGGGTACCATGGGGCAGAGTATGAGCTG CCCTCGAGCAATATTGGTTTGTCCATC 
ELF3-cLUC Split-LUC CGGGATCCAATGAAGAGAGGGAAAGATGAGG GCGTCGACTTAAGGCTTAGAGGAGTCATAGCG
BBX18-cLUC Split-LUC GGGGTACCATGCGAATTTTGTGTGATGC GCGTCGACCTATTCATGCTCGTGATTG 
XBAT31-cYFP Split-YFP CGGGATCCATGGGGCAGAGTATGAGCTG CCGCTCGAGCAATATTGGTTTGTCCATC 
nYFP-ELF3 Split-YFP CGGGATCCATGAAGAGAGGGAAAGATGA ACGCGTCGACTTAAGGCTTAGAGGAGTCAT 
nYFP-BBX18 Split-YFP CGGGATCCATGCGAATTTTGTGTGATGC GCGTCGACCTATTCATGCTCGTGATTGT 
BD-XBAT31 Y2H assay CATGCCATGGAGATGGGGCAGAGTATGAGCTG CCCTCGAGTCACAATATTGGTTTGTCC 
BD-XBAT31-1 Y2H assay CATGCCATGGAGATGGGGCAGAGTATGAGCTG CCCTCGAGTGATGGTAAGGAATAAGCTG 
BD-XBAT31-2 Y2H assay CATGCCATGGAGCCCTCTTTCTCTGACACGGA CCCTCGAGTCACAATATTGGTTTGTCC 
BD-XBAT31-3 Y2H assay CATGCCATGGAGCCCTCTTTCTCTGACACGGA CCCTCGAGCAGAACGGACAGACCGGTGG 
BD-XBAT31-4 Y2H assay CATGCCATGGAGCCGGTCTGTCCGTTCTGTAG CCCTCGAGTCACAATATTGGTTTGTCC 
AD-ELF3-N Y2H assay TCCCCCGGGTATGAAGAGAGGGAAAGATGA CCGCTCGAGGTGCCAAGTGAGATTCAGCTC 
AD-ELF3-M Y2H assay TCCCCCGGGTGCAACGGAAAATCATTCACA CCGCTCGAGGGTAGTTGGATTGTTGATGAT 
AD-ELF3-C Y2H assay TCCCCCGGGTTACATGCCTTTTGCAAACAA CCGCTCGAGGTTAAGGCTTAGAGGAGTCAT 
MBP-BBX18 Purification CGGGATCCATGCGAATTTTGTGTGATGC GCGTCGACTTCATGCTCGTGATTGTTTGCG 
MBP-XBAT31 Purification CGGAATTCGATGGGGCAGAGTATGAGCTG CGGGATCCTCACAATATTGGTTTGTCC 
MBP-XBAT31RM-N Purification CGGAATTCGATGGGGCAGAGTATGAGCTG GCACACATTTGGGCACCACAGTCT 
MBP-XBAT31RM-C Purification AGACTGTGGTGCCCAAATGTGTGC CGGGATCCTCACAATATTGGTTTGTCC 
GST-ELF3 Purification CGGGATCCATGAAGAGAGGGAAAGATGAGG CCGCTCGAGTTAAGGCTTAGAGGAGTCATAGCG
qXBAT31.1 qRT-PCR CTGTTGAATCAAACTACTCC GACGATTCAACAAATCTGGA 
qXBAT31.2 qRT-PCR ATCTCGTCGGAATCTGGTAT TGCTTGTGACGATTCAACAA 
qYUC8 qRT-PCR TGTATGCGGTTGGGTTTACGAGGA CCTTGAGCGTTTCGTGGGTTGTTT 
qIAA19 qRT-PCR GGTGACAACTGCGAATACGTTACCA CCCGGTAGCATCCGATCTTTTCA 
qAT1G73120 qRT-PCR ATGGCGACTTCTACCTTCTC TCCGGAGCTAGAGCCCTCAG 
qELF3 qRT-PCR TCCAGCATAGATGTCTCTCC GTAGAGGAGGCTTTACCAGA 
qPIF4 qRT-PCR GCCTAAGGCCTGTCCTGA GACATCGAGATCGTTCTGTG 
qPP2A qRT-PCR TAACGTGGCCAAAATGATGC GTTCTCCACAACCGCTTGGT 
 
Table S1. Primers used in this Study
